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Abstract 
Optical methods for magnetism manipulation have been considered as a promising 
strategy for ultralow-power and ultrahigh-speed spin switches, which becomes a hot 
spot in the field of spintronics. However, a widely applicable and efficient method to 
combine optical operation with magnetic modulation is still highly desired. Here, the 
strongly correlated electron material VO2 is introduced to realize phase-transition based 
optical control of the magnetism in NiFe. The NiFe/VO2 bilayer heterostructure 
features appreciable modulations in electrical conductivity (55%), coercivity (60%), 
and magnetic anisotropy (33.5%). Further analyses indicate that interfacial strain 
coupling plays a crucial role in this modulation. Utilizing this optically controlled 
magnetism modulation feature, programmable Boolean logic gates (AND, OR, NAND, 
NOR, XOR, NXOR and NOT) for high-speed and low-power data processing are 
demonstrated based on this engineered heterostructure. As a demonstration of phase-
transition spintronics, this work may pave the way for next-generation electronics in 
the post-Moore era. 
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With integrated circuit production approaching its physical limits, spintronics 
becomes one of the most promising technologies to for information storage and 
processing in the post-Moore era, owing to its superior properties like nonvolatility, 
high-speed and low-power consumption1,2. The modulation of magnetism, especially 
multifield control of magnetism like voltage-controlled magnetic anisotropy 
(VCMA)3,4, all optical switching (AOS)5,6, multiferroic7,8 and ionic9–11 modulation, has 
already demonstrated great potential in device performance improvement and 
application revolution12. Meanwhile, optical devices with the advances of high-speed, 
wide-bandwidth and low-loss have greatly promoted the modern communication 
industry13. Combining the advantages of spintronic and optoelectronic devices may 
highly improve the energy conversion efficiency, increase the device speed and 
diversify the functionalities14. In this sense, a strategy to realize optical control of 
magnetic characteristics can certainly promote the emerging device applications.  
Strong correlations between electrons enable extraordinary control of physical 
properties (e.g., magnetism and conductivity) via different strategies (e.g., electric field, 
magnetic field and stress), which implies numerous possibilities of strongly correlated 
electron material in various research fields, including high-temperature 
superconductors, two-dimensional electron gas systems and next-generation 
spintronics15. As a representation of the strongly correlated electron material, VO2 
exhibits a complex property change as it transforms from a monoclinic (M1) insulator 
into a rutile (R) metal at a critical temperature around 340 K (Fig. 1a)16,17. The phase 
transition can also be induced by kinds of ways like electrical gating12, optothermal 
effect (Supplementary Fig. S1) or even the photonic effect19, which has already 
enriched its device applications. The sub-ps phase transition of VO2 further endows the 
VO2-related devices with the feature of ultra-fast speed20,21. Therefore, a phase-
transition based spintronic device will reform the magnetism modulation strategy and 
give birth to emerging optical-spintronic device applications. 
In this work, we study the optical control of magnetism modulation (OCM 
modulation) in NiFe/VO2 heterostructures that combine a strongly correlated electron 
material with a magnetic material. Appreciable and reversible modulations in electrical 
conductivity (55%), coercivity (60%) and magnetic anisotropy (33.5%) have been 
achieved in these heterostructures during the phase transition of VO2. Further analyses 
indicate that interfacial strain coupling plays a crucial role in this modulation. Based on 
these modulation features, the heterostructures are further used to demonstrate 
multiresistance states and implement spin logic devices with multifield operation 
capability. As an optical magnetism modulation strategy, the collision and blending of 
strongly correlated electron materials and spintronic materials may pave the way for 
next-generation electronics. 
RESULTS 
Heterostructure preparation and magnetism modulation induced by 
VO2 phase-transition 
The NiFe/VO2 bilayer heterostructure used in this work was prepared by two steps. 
VO2 was first epitaxially deposited on TiO2 substrates by pulsed laser deposition (PLD) 
to ensure an optimal phase transition. NiFe was then deposited at room temperature by 
magnetron sputtering to get a tight interface contact. Fig. 1b shows the XRD results of 
the heterostructure samples. The (200) and (002) peaks of VO2 were detected on the 
TiO2 (100) and (001) substrates, respectively. The spectrum shows no distinct 
characteristic peaks for NiFe, which indicates that the NiFe layer is amorphous.  
To investigate the magnetic characteristics modulated by the phase transition, 
hysteresis curves of a NiFe (5 nm)/VO2 (20 nm) sample grown on a TiO2 (100) substrate 
were measured for the case in which the VO2 is in the monoclinic state (MS, 300 K) 
and rutile state (RS, 360 K) using a SQUID magnetometer. As illustrated in Fig. 1c, 
obvious anisotropy can be observed between the results with an in-plane and out-of-
plane magnetic field applied. After the VO2 phase transition, the saturation 
magnetization of the heterostructure decreases from 898 emu/cm3 to 840 emu/cm3. The 
insets show scanning results obtained over a small region, and shrinking of the coercive 
and saturation fields can be detected. Remarkably, the decrease is more obvious out-of-
plane, enhancing the squareness of the curve around the zero field. The coercive field 
decreases from 72 Oe to 45 Oe, i.e., a change of 60%. Excluding the effect of a VO2 
single layer22, (Supplementary Fig. S1c), this phase-transition-induced magnetism 
modulation, which is different from a mere thermal effect (Supplementary Fig. S2c for 
samples without the VO2 layer), shows great potential for spintronic application23. 
To further explore this modulation effect, the magnetic parameters of the 
heterostructure before and after the phase transition are processed and summarized in 
Table 1. We analyzed the in-plane and out-of-plane hysteresis curves of the film and 
obtained the uniaxial magnetic anisotropy, Ku, which increases from -3.55×106 erg/cm3 
to -2.66×106 erg/cm3. To separate the bulk and interfacial contributions of the 
anisotropy, the relationship between Ku and the NiFe thickness, t, can be written as 
Ku=Kb-2πMS2+Ki/t24, where Kb is the bulk crystalline anisotropy, Ki is the interfacial 
anisotropy, and -2πMs2 is the demagnetizing field of a uniform sheet of NiFe. In this 
convention, Ku＜0 stands for an in-plane easy axis. Therefore, the increasing tendency 
indicates an enhancement of the perpendicular magnetic anisotropy after the phase 
transition25. The bulk crystalline anisotropy is negligible because of the amorphous 
feature of the NiFe film. The interfacial magnetic anisotropy can then be calculated as 
Ki=(Ku+2πMs2)t, which increases from 0.755 erg/cm2 to 0.885 erg/cm2. These results 
indicate the possibility of realizing an interfacial perpendicular magnetic anisotropy 
enhancement in similar heterostructures, which is highly desirable for high-density, 
nonvolatile magnetic storage24. 
Optical control of the magnetic and transport properties in the 
heterostructure 
After showing the magnetism modulation effect achieved though phase transition 
of VO2, we now focus on realizing the optically controlled magnetic modulation by 
optothermal effect. To achieve this goal, a red laser beam is used as a light source to 
trigger the phase transition. Fig.2a gives the hysteresis loops of the sample at initial, 
light-on and light-off states measured by in situ longitudinal magneto-optic Kerr effect 
(MOKE). Obvious modulation effect can be detected between initial and light-on states 
which verifies the optically controlled magnetic modulation feature. The light-off state 
is fully coinciding with the initial state, reflecting that this modulation is totally 
reversible.  
To further study the modulation phenomenon, a phase-transition anisotropic 
magnetoresistance device (PTAMR device) was fabricated. A schematic illustration of 
the experimental setup is shown in Fig. 2b. The sample was patterned into a hall bar. 
Magnetic and transport characteristics of this device were studied via 
magnetoresistance measurements. Fig. 2c presents the dependence of the device 
resistance on the light illumination power. Interestingly, the resistance of the 
heterostructure decreases after an increasement at small illumination power when a 
small current (1 µA & 10 µA) is applied. For a large measuring current (100 µA), the 
resistance first rises, then decreases, and then increases again (inset of Fig. 2c). The 
change rates of the resistance decrease from 55% to almost 0% as the measuring current 
is increased. In contrast to the simple rising feature under heating in ordinary metals, 
this complex resistance variation can be explained as the competition between the 
resistance-temperature dependence of the magnetic metal and the current shunting 
effect induced by the VO2 phase transition. Normally, illumination and Joule heating 
will increase the resistance of the device; however, the phase transition of VO2 from 
insulator to metal reduces the device resistance. As a result, the resistance will first 
increase and then decrease when the phase transition occurs. In this sense, a small 
current can highlight the phase-transition feature. Thus, a measuring current of 1 µA is 
employed to perform the magnetoresistance measurement. 
Magnetoresistance curves of the device before and after the VO2 phase transition 
are shown in Fig. 2d, 2e & 2f. One obvious variation in this process is the shift in the 
“valley bottom” (i.e., from approximately 50 Oe to 10 Oe at 1 W/cm2, with a further 
decrease for 1.6 W/cm2), which agrees with the modulation of the coercivity and 
magnetic anisotropy in the heterostructure (Fig. 1 & TABLE 1). Moreover, even though 
the resistance decreases with increasing light power (10% upon the application of 1 
W/cm2 and 27% upon the application of 1.6 W/cm2), the device remains sensitive to 
the magnetic field, i.e., it simultaneously responds to light and magnetic stimuli. These 
appreciable effects in the heterostructure may enable emerging device applications, 
which will be discussed in the last section of this paper. 
Strain analysis and mechanism explanation 
To clarify the relationship between the magnetism modulation and the phase 
transition of VO2, a series of experiments was carried out by MOKE measurements. As 
illustrated in Fig. 3a, even though the change rates are different, obvious coercive field 
shrinking can be observed for both heterostructure samples. However, only faint 
deviations of HC can be detected for the pristine NiFe sample (Supplementary Fig. S2a). 
These results suggest that the modulation effect is dominated by the phase transition of 
VO2, rather than a pure thermal effect of the NiFe layer. We then measured the 
magnetization-temperature (M-T) dependence of the heterostructure sample. As 
illustrated in Fig. 3b, an abnormal peak can be detected in the M-T curve near the phase-
transition critical temperature of VO2. The magnetization then increases with the 
temperature increase due to the coercive field shrinking. This phenomenon was not 
detected in the pristine NiFe or VO2 samples (Supplementary Fig. S1c), which further 
confirms that the magnetism variation is indeed related to the phase transition of the 
VO2 layer. 
Further experimental evidence indicates that this modulation is an interfacial effect. 
For heterostructure samples deposited on various TiO2 substrates (Fig. 3a), the 
experimental data show that the change in HC reaches 45% for TiO2 (100) but only 25% 
for TiO2 (001) between the MS and RS. This feature verifies that the modulation 
depends on the crystalline structure of the VO2 layer. Fig. 3c shows the analysis of the 
crystal axis conversion of VO2 during its phase transition19. Remarkably, a more 
appreciable change can be achieved on the VO2 layer grown on the TiO2 (100) substrate. 
On the TiO2 (001) substrate, the in-plane lattice constant changes are approximately 
0.4% and 0.2% along the aR and bR directions, respectively (Fig. 3d). On the TiO2 (100) 
substrate, the lattice constant is compressed by approximately 0.8% along cR, and the 
change rate between bR and cM reaches 18.5% with the additional shear force caused by 
the angle decrease of β from 122.6° to 90° (Fig. 3e). As a result, the interfacial strain is 
enhanced on the VO2/TiO2 (100) sample. This analysis suggests that the different 
magnetism modulation mechanisms could be attributed to the different magneto-elastic 
effect induced by the structure change, i.e., the interfacial strain coupling of the 
heterostructure between VO2 and NiFe. To confirm this conjecture, heterostructures 
with different NiFe thicknesses were examined (Supplementary Fig. S2b & S2c). The 
results show that the change in HC reaches 67% as the thickness decreases to 3 nm and 
quickly drops to nearly 0% as the thickness increases to 10 nm. This result agrees with 
reports that the magneto-elastic coupling coefficient of NiFe is anomalously large for 
thicknesses below 5 nm26. Further engineering of this interfacial strain coupling effect 
in a NiFe/VO2 heterostructure could enable optimized modulation performance for 
various device applications. 
Based on the understanding that the magnetism modulation is mainly due to the 
interfacial strain, we focused on the origin of the magnetism modulation caused by 
interfacial strain during the phase transition27. Recent research has shown that by 
engineering the surface, perpendicular or other directions of magnetic anisotropy can 
be achieved in ultrathin magnetic films28. In our phase-transition heterostructure, the 
lattice variation in the specific plane is quite large, which could lead to some periodic 
bending and spin reorientation of the NiFe film in the interface region (Supplementary 
Fig. S3a)29. Assuming that the main modulation mechanism is domain wall motion, the 
coercivity Hc should depend on the domain wall energy30: 
max 0( ) / (2 )c sH x Mg µ» ¶ ¶ , 
where x is the position of the domain wall, Ms is the saturation magnetization, µ0 is the 
permeability in vacuum and γ is the domain wall energy. γ can be further written as31: 
14 ( )sA Kg l s= + , 
where A is the exchange constant, K1 is the crystal anisotropy, λs is the magnetostriction 
coefficient and σ is the applied strain to the sample. Thus, γ depends on σ and further 
influences Hc.  
As shown in Fig. 4a & 4b, the cross-section transmission electron microscopy 
(cross-section TEM) results of the heterostructure on a TiO2 (100) substrate verify the 
existence of thin-film bending in the heterostructure and the absence of obvious 
intermixing at the interface. Some distortion of the crystal orientation in the VO2 layer 
can be observed near the bending area (Fig. 4a, TEM image; Fig. 4d, nanobeam electron 
diffraction result), which may be caused by the VO2 phase-transition cooling from a 
high growth temperature after the PLD deposition. These structure features may further 
enhance the interface roughness after the phase transition, which may induce 
reorientation of the spin from in-plane to out-of-plane26 (Fig. 4e). These results are in 
agreement with the magnetic characteristic results, i.e., the increased Ku and enhanced 
squareness of the out-of-plane hysteresis loop. The saturation magnetization decrease 
and coercive force shrinkage are probably caused by the varied distances between 
individual magnetic grains caused by the bending interface structure. The intergranular 
interaction might thus be weakened, which inhibits long-range exchange coupling. 
Multiresistance realization and logic function implementation 
These appreciable optically controlled modulation effects in heterostructures may 
further enable emerging device applications with multifield modulation capability32–34. 
Fig. 5a & 5b show that the magnetoresistance curves of the heterostructure move to a 
lower resistance state once illumination is applied. Utilizing this feature, the PTAMR 
device provides an opportunity to achieve multiresistance states controlled by the 
magnetic field and light illumination. Fig. 5c demonstrates an example of six different 
resistance states achieved via synergistic control of the light illumination and magnetic 
field. Both field and illumination controls enable reversible, repeatable, stable 
modulation of the device resistance. Further implementation of this phase-transition 
spintronic effect into other devices, such as giant magnetoresistance (GMR) or tunnel 
magnetoresistance (TMR), would realize similar but more appreciable performances. 
With great potential in information processing, new strategies for spin logic 
applications are highly desired35,36. In the following, we will present a demonstration 
of multifield programmable logic gates based on the PTAMR device. Fig. 5d shows 
four resistance states selected from Fig. 5c, corresponding to a light illumination of 1.0 
W/cm2. The programmable logic gates include two kinds of input signals, light 
illumination and magnetic field, that carry the input logic information. The light inputs 
with illumination on (1.0 W/cm2) and off (0 W/cm2) are defined as input 0 and input 1, 
respectively. The field input with a magnetic field (400 Oe) and no field (0 Oe) is set 
as input 1 and input 0, respectively. The computation is read out by measuring the 
device resistance. 
As illustrated in the truth table in Fig. 5d, four different resistance states can be 
achieved with different inputs. In this case, we can set different threshold resistances to 
define in the range in which the resistance can be read as logic 1 and that in which the 
resistance is read as logic 0. Two threshold resistance settings (TRSs) are marked as 
dashed lines in Fig. 5d. Fig. 5e illustrates the implementation of six universal Boolean 
logic functions in a single phase-transition spintronic device. Using AND as an example, 
AND is a logic function of two binary inputs. The output is always logic 0 except when 
the inputs are both logic 1, in which case the output is logic 1. TRS 1 is used in this 
case. An output resistance above TRS 1 is defined as logic 1, and a resistance below is 
logic 0; thus, resistance 1 (R1) is logic 1, and resistance 2 (R2), 3 (R3) and 4 (R4) are 
logic 0. When the illumination is off and a field is applied, logic 1 is the output. The 
detailed settings for this phase-transition device to realize different logic functions are 
presented in Fig. 5e. The arrow shows the resistance range in which the signal should 
be read as 1, and the opposite should be 0. Following the instructions given by the 
arrows in Fig. 5e, the logic functions of OR, NAND and NOR can be fulfilled. For 
XOR and NXOR, TRS 1 and TRS 2 are both used to define the resistance window. If 
the resistance between TRS 1 and TRS 2 is logic 1 and a resistance that exceeds this 
range is logic 0, then, R2 and R3 are logic 1, and R1 and R4 are logic 0. Thus, XOR is 
programmed. If the setting is reversed, NXOR is programmed. For NOT logic operation, 
the light input can be omitted. The logic operation can be achieved by changing the 
field from the Hx to Hy direction at the same field input setting (Fig. 5d). With the ability 
of responding to both optical and Oersted-field inputs, this optically controlled phase-
transition spintronic device, which implements various logic functions in a single 
device, has great application potential for reconfigurable, programmable and 
cascadable logic devices beyond CMOS and will pave the way for big data and 
neuromorphic computing37,38. 
DISCUSSION 
In this work, we combine the strongly correlated electron material and the 
spintronic material to fabricate newly artificial heterostructures, which endow the 
spintronic material with optical modulation ability of magnetic and electrical properties 
by the reversible phase-transition process. The variation of the interfacial anisotropy 
energy, which reflects the modulation ability of the method, reaches 130 µJ/m2. It is 
comparable to the traditional modulation strategies based on strain39,40 or charge 
mediated VCMA3,41. While this method possesses the potential advantages of optical 
modulation like ultralow-power and ultrahigh-speed. In the meantime, this optical 
control magnetism modulation strategy has little restriction on the choice of magnetic 
material, which indicates its advantage over other methods using selected materials 
(usually rare earth–transition metal (RE) based alloys, multilayers, heterostructures or 
special designed RE-free heterostructures6,42) to realize optical control. Furthermore, 
considering the phase transition of VO2 can also be triggered by electrical gating, it is 
prospective to realize modulation of physical properties under the coordination of 
optical, electrical and magnetic fields in this phase-transition spintronic device, which 
is worthy of further research as a comprehensive topic. 
To conclude, we have demonstrated optical control of electrical and magnetic 
modulation in a NiFe/VO2 bilayer heterostructure. Phase-transition-induced changes in 
the electrical conductivity (55%), coercivity (60%) and magnetic anisotropy (33.5%) 
have been observed during the phase transition. Theoretical analyses and experimental 
evidence reveal that the magneto-elastic coupling induced by appreciable interfacial 
strain (up to 18.5%) may be the origin of the magnetism modulation. Further research 
on PTAMR devices fabricated with the heterostructure sample showed that 
multiresistance states and seven universal logic functions (AND, OR, NAND, NOR, 
XOR, NXOR and NOT) can be achieved in a single device. Our work, as a 
demonstration of optically controlled phase-transition spintronics, may pave the way 
for next-generation electronics. 
METHODS 
Heterostructure and device fabrication 
The VO2 thin films were grown on (001) and (100) TiO2 substrates using a pulsed laser 
deposition (PLD) system (KrF, λ=248 nm). The growth of epitaxial VO2 thin films was 
performed at 500 °C with 2.0 Pa of oxygen. The laser fluence and repetition rate were 
fixed at 4 J/cm2 and 2 Hz, respectively. The film thickness was 20 nm after 7200 
deposition pulses. The Ni80Fe20 films were magnetron-sputtered at room temperature. 
Raw bilayer samples were patterned by optical lithography (Micro Writer ML Baby, 
Durham Magneto Optics) followed by argon ion-beam etching into Hall bars with 
several legs with different spacings (Fig. 2a & 2b). Optical lithography and e-beam 
evaporation were then used to prepare Cr (5 nm)/Au (100 nm) electrodes. Then, 10 nm 
of SiO2 was deposited by thermal evaporation on the device as a protection layer.  
Characterization and measurement 
The magnetic properties were measured by MOKE (NanoMOKE3, Durham Magneto 
optics ltd) with a red-light laser (LR-MFJ-660/2000 mW, Changchun Laser Technology 
Co.) heat source and SQUID (MPMS3, Quantum Design, Inc.) at room and high 
temperatures. The phase-transition AMR devices were measured by normal 4-terminal 
methods with Keithley 6221 and Keithley 2182 sourcing and measuring units, 
respectively. Meanwhile, an in-plane electromagnet (East Changing Co. China) 
provided magnetic fields with proper directions.  
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 Figures and Tables 
 
Figure 1 | Phase transition of VO2 and characterization of the NiFe/VO2 
heterostructure. (a) Schematic illustration of the reversible phase transition of VO2 
between monoclinic (M1) and rutile (R) lattice structures. (b) XRD θ-2θ scan of the 
NiFe/VO2 heterostructure grown on TiO2 (100) and TiO2 (001) substrates, suggesting 
epitaxial growth of the VO2 layer and amorphous growth of the NiFe layer. (c) M–H 
hysteresis loops of the NiFe (5 nm)/VO2 (20 nm)/TiO2 (100) sample measured before 
and after the phase transition of VO2 (MS at 300 K and RS at 360 K). The magnetic 
field was applied perpendicular (data plotted as circles) and parallel (data plotted as 
squares) to the surface. The insets give the scanning results of the small fields. 
  
 Figure 2 | Optically controlled magnetoresistance measurements. (a) The 
hysteresis loops of the sample at initial, light-on and light-off states. (b) Schematic 
drawing of the PTAMR device. Direction of the applied magnetic fields, Hx and Hy, are 
also present. (c) The device resistance change measured with varying applied current 
under increasing illumination power. (d, e &f) Comparison of the Hx magnetoresistance 
of the NiFe (5 nm)/VO2 (20 nm)/TiO2 (100) device without (d) and with the 
illumination of 1-W/cm2 (e) and 1.6-W/cm2 (f) red light. 
  
 Figure 3 | Interface strain analysis and characterization of magnetism 
modulation. (a) Longitudinal Kerr signals of the NiFe/VO2 heterostructure grown on 
different substrates. The HC change between the MS and RS is 45% for the TiO2 (100) 
substrate and 25% for the TiO2 (001) substrate when the illumination power reaches 2 
W/cm2. (b) Temperature dependence of out-of-plane magnetization with a magnetic 
field of 100 Oe. The arrow marks the VO2 phase-transition temperature. (c) Strain 
analysis of the interface between VO2 and NiFe when the VO2 phase transition occurs. 
(d & e) Schematic diagram of the crystal lattice change of the (001) plane and (100) 
plane with regard to the rutile structure.  
 Figure 4 | High-resolution transmission electron microscopy (HR-TEM) analysis 
of the NiFe/VO2 heterostructure. (a) Cross-section HR-TEM image of the NiFe/VO2 
heterostructure deposited on a TiO2 (100) substrate. Some distortion of the crystal 
orientation can be detected in the VO2 layer, as marked in this figure. (b) Energy 
dispersive spectroscopy (EDS) analysis of different elements (O, Ti, Fe, Si, V, and Ni) 
in the heterostructure. (c & d) Nanobeam electron diffraction (NBD) corresponding to 
NBD1 and NBD2 in (b). (e) Schematic diagram of the heterostructure. When the crystal 
lattice changes, the increased interface roughness causes the spin, which was originally 
pinned in-plane, to turn to the out-of-plane direction. 
  
 Figure 5 | Optically controlled multiresistance states and programmable logic 
implementation. (a & b) Magnetoresistance curves measured with 0-W/cm2 and 1-
W/cm2 light illumination using 10 µA as the measuring current. The magnetic field is 
applied in the Hx (a) and Hy (b) directions. (c) Six different resistance states are realized 
using two kinds of illumination power and Hx=400 Oe magnetic field. (d) Four 
resistance states are selected from (c) to illustrate the logic operation. Light illumination 
and magnetic fields are designed as two kinds of input signals. Illumination off (0 
W/cm2) is set as logic 1 and on (1 W/cm2) as logic 0, while the field applied (400 Oe) 
is set as logic 1 and no field (0 Oe) as logic 0. The result is read out by the resistance 
and shown in the truth table. Two threshold resistance settings (TRSs) are marked as 
red and blue dashed lines. (e) The truth table of six basic logic operations with different 
TRSs. The arrow shows the resistance range for which the signal should be 1, and the 
opposite should be 0. NOT operation can be achieved by turning the field to Hy with 
the same setting as the field input. The threshold voltage and truth table are shown alone 
in (b). 
Table 1. Magnetic properties of SiO2 (20 nm)/NiFe (5 nm)/VO2 (20 nm)/TiO2 (100) 
Temperature 
K 
HC 
Oe 
MS 
emu/cm3 
HK a 
Oe 
Ku 
erg/cm3 
Ki 
erg/cm2 
300 72 898 4365 -3.55×106 0.755 
360 45 840 4229 -2.66×106 0.885 
a HK was obtained by extracting the field corresponding to 90% of the out-of-plane moment.  
Supplementary Materials 
Section Ⅰ. Characterization of VO2 
Temperature control and red-light illumination are used as different stimuli for the 
phase transition of VO2. As illustrated in Fig. S1, the resistance variation of VO2 grown 
on a TiO2 (100) substrate reached three orders of magnitude. When temperature is used 
to trigger the transition (Fig. S1a), the critical temperature is near 340 K, which is 
consistent with the magnetic change of the heterostructure described in Fig. 4e in the 
main text. For the illumination-triggered phase transition (Fig. S1b), the most intense 
resistance change occurs from 500 to 750 mW, and an obvious variation loop could be 
detected, as observed for the thermal methods. The temperature dependence of the out-
of-plane magnetization at a magnetic field of 100 Oe was also measured, and no 
magnetic phase was found in this VO2 sample. 
 
Figure S1 | Characterization of VO2 grown on a TiO2 (100) substrate. (a) The 
phase transition triggered by temperature. The critical temperature is near 70 ℃ (343 
K). (b) The phase transition triggered by red-light illumination. The most intense phase 
transition occurs from 500 to 750 mW, but the resistance still changes beyond this range. 
(c) Temperature dependence of the out-of-plane magnetization at a magnetic field of 
100 Oe. The signal reached the detectable limit of the instrument, and no magnetic 
phase was found.  
Section Ⅱ. Coercivity change of different samples 
In situ longitudinal magneto-optic Kerr effect (MOKE) measurements using red-light 
illumination to trigger the phase transition were performed for several samples. Fig. 
S2a shows results for the contrast NiFe (5 nm) sample grown on a SiO2 substrate. No 
obvious HC change can be observed, apart from faint deviations caused by the thermal 
effect. Fig. S2b presents the hysteresis curves of NiFe (3 nm)/VO2 (40 nm)/TiO2 (100). 
It is found that the change rate of HC reaches 67% with the light on and off, which is 
slightly higher than that of the 5-nm sample in the main text. We changed the thickness 
of the NiFe layer to 10 nm (Fig. S2c), and the change rate quickly dropped to 0%. This 
thickness dependence indicates that the interfacial strain coupling plays a crucial role 
in the magnetism modulation. 
 
Figure S2 | MOKE measurements using red-light illumination to trigger the 
phase transition. (a) MOKE measurement results of NiFe (5 nm)/SiO2. (b) MOKE 
measurement results of NiFe (3 nm)/VO2 (40 nm)/TiO2 (100). The change rate of HC 
reaches 67% between the on and off conditions. (c) MOKE measurement results of 
NiFe (10 nm)/VO2 (40 nm)/TiO2 (100).   
Section Ⅲ. Lattice parameter change calculation 
The structure variation of VO2 during the phase transition is qualitatively analyzed 
based on the bulk parameters. As the temperature increases, the monoclinic structure of 
VO2 transforms to the rutile structure, and vice versa for a temperature decrease. The 
change rates in each direction can be calculated as k = #$%#&#& , in which lM is the lattice 
parameter of the monoclinic structure and lR is the lattice parameter of the rutile 
structure. The calculated results are summarized in Table S1. As the transition occurs, 
aM and bM vary along their original direction, crossing the structure variation and 
coinciding with the direction of cR and aR. Thus, the change rates are 0.8% and -0.4%. 
As the angle β decreases from 122.6° to 90°, the cM axis turns to the direction of bR. To 
calculate the change rates along each direction, we decompose cM into cM’ and cM’’ in 
the direction of the bR and aR axes. In the TiO2 (001) plane, the spacing between atoms 
along bR is shortened from cM’ to bR, and the change rate is 0.2%. Moreover, there is a 
stress perpendicular to the plane due to the change in cM’’, causing the original uneven 
surface to become flat. In the TiO2 (100) plane, the spacing between atoms along bR 
changes from cM to bR, reaching 18.5%. In addition, there should be a shear force caused 
by the rotation of cM. 
Supplementary TABLE S1. VO2 lattice parameter change during the phase transition 
Lattice axis 
 
Crystal structure 
aM/2cR 
nm 
bM/aR 
nm 
cM/bR 
nm 
β 
° 
cM’/bR 
nm 
cM’’ 
nm 
Monoclinic 0.575 0.452  0.538  122.6 0.453  0.290  
Rutile 0.570 0.454  0.454  90 0.454  - 
 
